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Introduction
Most of organic reactions catalyzed by transition metal complexes were performed in organic solvents. However, most of organic solvents are volatile and/or combustible, and then their toxicity and risk are often problematic. On the other hand, water is a non-flammable, low toxic liquid and suitable for sustainable reactions. Use of water as a solvent for organic reactions brings other merits such as easy separation of organic products from catalysts and convenient reuse of catalysts. Furthermore, water has unique character, which possibly derives peculiar reactivity, 2 for example, the second order rate constant for Diels-Alder reaction in water is three orders of magnitude larger than that in an organic solvent. 3 This advantage is attributed to hydrophobic effects for substrates in water and suggests that utilization of water as a solvent for organic reactions leads novel reactivity on selectivity and high efficiency. 3 For these reasons, catalytic organic reactions such as Suzuki-Miyaura cross coupling 5 and Mizoroki-Heck 6 reaction in water were investigated using water-soluble palladium complexes. Introduction of sulfonate 6a and carboxylate 1c into ancillary ligands is one of the effective methods to obtain water-soluble complexes. Sugar groups were also good candidates to increase water-solubility of complexes. Sugar-incorporated phosphine 7 and N-heterocyclic carbene (NHC) 8 complexes were reported for asymmetric hydrogenation utilizing chirality of the sugar units 7a and Suzuki-Miyaura coupling in water, 8a respectively. We previously synthesized iridium, nickel, and palladium complexes with sugar-incorporated monodentate or tridentate NHC ligands. 9 We report here syntheses of chelated palladium complexes with bidentate bisNHC ligands with D-glucopyranosyl substituents and their catalytic ability for Suzuki-Miyaura coupling in aqueous media.
Results and Discussion
Syntheses and structure of sugar-incorporated bisNHC palladium complexes.
Bis-N-heterocyclic carbene ligand precursors 1,1'-bis(2,3,4,6-tetra-O-acetyl--D-glucopyranosyl)-3,3'-ethyle ne-diimidazolium bis(hexafluorophosphate) ([(bisNHC-C2)H2] (PF6)2) and 1,1'-bis(2,3,4,6-tetra-O-acetyl--D-glucopyranosyl)-3,3'-propy lene-diimidazolium bis(hexafluoro phosphate) Scheme 1. Syntheses of ligand precursors.
([(bisNHC-C3)H2](PF6)2) were synthesized in two step (Scheme 1) because isolation of the ligand precursors from the reaction mixtures containing 1-(2,3,4,6-tetra-O-acetyl--D-glucopyranosyl)-1H-imidazole (AcGlcIm) and the precursor, which were obtained by the reaction of 1,2-dibromoethane or 1,3-dibromopropane with excess AcGlcIm, was not succeeded. Palladium complexes [Pd(bisNHC-Cn)X2] (n = 2, 3; X = halide, acetate, or coordinating solvent molecule) were obtained by the direct metallation reaction of the ligand precursors and [Pd(NCCH3)2Cl2] in the presence of sodium acetate in DMSO. Electrospray mass spectrometry (ESI-MS) of the complexes showed signals for [Pd(bisNHC-Cn)(OAc)] + exhibiting the coordination of the bisNHC ligands to the palladium ion. These complexes gave broad signals in 1 H NMR spectra due to substitution equilibrium of the terminal ligands and the signals became sharp by the addition of excess tetraethylammonium chloride or sodium hydrosulfide owing to tightly coordinating nature of sulfur atoms to palladium.
Chloride complexes [Pd(bisNHC-Cn)Cl2] (n = 2, 1-C2; n = 3, 1-C3) were obtained by treating the [Pd(bisNHC-Cn)X2] complexes with tetraethylammonium chloride in chloroform. Single crystal X-ray diffraction study of 1-C3 (Figure 1) showed two independent complex molecules in the asymmetric unit and no significant differences were observed in their structures. The complex molecules have the Cs symmetry, if the acetyl-protected glucopyranosyl (AcGlc) groups are not taken into account, and the symmetry of the complex molecules are reduced to C1 by incorporation of the chiral AcGlc groups. The bond lengths and angles around the Pd center in complex 1-C3 are similar to a corresponding bisNHC Pd complex with methyl N-substituents (Table 1) .
1 H NMR spectrum for each chloro complex showed two sets of signals for the AcGlc-NHC moieties, reflecting the C1 symmetry of the complexes.
Dynamic behavior of sugar-incorporated bisNHC palladium complexes
Corresponding bishydrosulfido complexes (2-C2 and 2-C3) were prepared by the addition of sodium hydrosulfide to solutions of 1-C2 and 1-C3 in DMSO-d6. Because the bishydrosulfido complexes should have a similar structure of 1-C3, two hydrosulfido ligands in each complex are inequivalent and two singlet signals appeared in between -1.5 and -2.1 ppm in 1 H NMR spectra. These SH signals should be affected by the surrounding chiral glucopyranosyl groups. This means that we can obtain the information of the environment around the coordination sites, which are used for catalytic reactions. The difference in the chemical shift of the two SH signals in each complex showed that the coordination sphere surrounded by the glucopyranosyl groups have asymmetric environment. Chelating bisNHC ligands in palladium complexes showed flapping wing motion (Figure 2 ) via Pd-C bond cleavage for the ethylene bridged bisNHC ligand and without the bond cleavage for the propylene bridged one.
9d,e,11
The dynamic behavior of the bisNHC ligands in the complexes could affect selectivity of products and catalytic ability in Figure 3 . Temperature dependency of chemical shifts for SH protons in Pd complex (2-C2, left) and Pt complex (3-C2, right) in DMSO-d6. The whole spectra were shown in Figure S20 and S21 in Supporting information.
Scheme 2. Syntheses of 1-C2, 1-C3, 2-C2, and 2-C3. coupling reactions using the complexes as catalysts. For these reasons, variable temperature 1 H NMR (VT-NMR) spectroscopy and line shape analyses were performed for 2-C2 and 2-C3 using the SH signals. For comparison, VT-NMR measurements were also applied for the corresponding platinum complexes [Pt(bisNHC-C2)(SH)2] (3-C2) and [Pt(bisNHC-C3)(SH)2] (3-C3), as no Pt-C bond cleavage was reported for platinum complexes with bisNHC ligands. 1 H NMR spectra at 298-353 K of the complexes with the bisNHC-C2 ligand, 2-C2 and 3-C2, exhibited no dynamic behavior attributed to the flapping wing motion. The {Pd(bisNHC)} unit with methyl N-substituents in a trinuclear complex [(MCp*)2{Pd(bisNHC)}(3-S)2] 2+ showed dynamics of the bisNHC ligand via Pd-C bond cleavage at higher temperature than 372 K. 11a For 2-C2 and 3-C2, two signals of the SH protons for each complex showed different temperature dependency in their chemical shifts ( Figure 3 ). The signals of the SH protons shifted to downfield as temperature increased and the rate of the shifts are different. As the complexes having the bisNHC-C2 ligand with the ethylene bridge do not exhibit the flapping-wing motion, two acetyl-protected glucopyranosyl groups in each complex are inequivalent. Then rotation or vibration of the acetyl-protected glucopyranosyl groups in each complex affords different contribution to the environment around the coordination sites, which appeared in the different temperature dependency of the chemical shifts for the SH protons in each complex.
On the other hand, Pd and Pt complexes with the bisNHC containing the propylene bridge, 2-C3 and 3-C3, respectively, showed dynamic behavior attributed to the flapping wing motion (Figure 4 ). Activation parameters (Table 2) obtained from the Eyring plots ( Figure 5 ) for 2-C3 and 3-C3 are very similar even they have different metal centers. These parameters are comparable to those reported for the Pd-or Pt-bisNHC units in the trinuclear complexes.
These results suggested that complexes with ethylene-bridged bisNHC ligands have more rigid frameworks to put their N-substituents in limited area around the metal center, while propylene-bridged bisNHC ligands are flexible to allow the N-substituents moving. This fact implies that higher selectivity of products in catalytic reactions is expected for the ethylene-bridged ligand. However, rotation and/or vibration of the N-substituents of the ethylene-bridged ligands are not negligible and slightly affected the environment of the coordination sites as observed for temperature dependency of the chemical shifts of the SH protons.
Catalytic ability of sugar-incorporated bisNHC palladium complexes in Suzuki-Miyaura cross-coupling in water Catalytic ability of palladium complexes 1-C2 and 1-C3 in Suzuki-Miyaura cross-coupling in water was examined in the presence of potassium carbonate. Although water-solubility of 1-C2 and 1-C3 is low, the acetyl-protected glucopyranosyl units in 1-C2 and 1-C3 are deprotected under the condition affording water-soluble complexes 12 . (See Figure S18 and S19 in Supporting Information)
Complexes 1-C2 and 1-C3 catalyzed reactions of 4'-bromoacetophenone and phenylboronic acid in the presence of potassium carbonate in water (Table 3) . Turnover number (TON) and turnover frequency (TOF) for each of catalysts 1-C2 (entry 2) and 1-C3 (entry 6) reached to 85,000 and 170,000 h -1 , respectively. The catalytic ability of these complexes is relatively high but lower than those reported for palladium acetate with 1,5-diphenyl-3,7-dicyclohexyl-1,5-diaza-2,7-diphosphacyclooc tane (TON 770,000 and TOF 390,000 h -1 ) 1c and for a sugar-incorporated NHC pincer palladium complex (TON 800,000 and TOF 50,000 h -1 ). 9e The lower TON value is attributed to decomposition of the palladium complexes via irreversible protonation of the NHC ligand under the protic condition.
9f This result suggested that stabilization of the palladium complex by bisNHC ligands is not enough to prevent decomposition under the reaction condition. The addition of a drop of metallic mercury, which leads deactivation of catalytic ability of palladium nanoparticles, 1c,13 did not affect the catalytic ability. This result suggests that the active species are the complexes (entries 4 and 8).
Reuse of the complexes for the catalysts in the Suzuki-Miyaura cross-coupling reaction was also examined. After the first catalytic reaction, the product and the remained starting materials were extracted with dichloromethane from the resulting reaction mixture. The separated aqueous phase, which contains the catalyst, was used for the other catalytic reaction of the freshly added substrates and base (Table 4) . The second and third reactions (entries 2, 3, 6 and 7) afforded similar yields as those for the first reactions (entries 1 and 5). In the fourth reactions (entries 4 and 8), the yields remarkably decreased. These results showed that the complexes or their derivatives were remained in water phase, even though they decomposed after three times uses.
To investigate a scope of substrates for the complexes 1-C2 and 1-C3, reactions of a variety of aryl halides with phenylboronic acid were examined (Table 5 ). The reactions of aryl bromides with an electron-withdrawing group such as NO2 at the 4-position on the phenyl ring afforded biaryl products in high yields. The yields of the reactions were better in the order of the p-nitrobenzene with the electron-withdrawing NO2 group (entries 1 and 2), bromobenzene (entries 3-6), and 4-bromoanisole with the electron-donating OMe group (entries 9-12). Generally, electron-withdrawing groups of aryl halides reduce the electron density on their C-X bonds and then oxidative addition of the C-X bonds to metal centers easily proceed.
For the reactions in water, solubility of organic substrates often affects the yields. To enhance the solubility of the arylhalide, tetrabutylammonium bromide is added as an additive. We also checked the effects of tetrabutylammonium bromide in the reactions (entries 7, 8, 13, 14) and observed improvement of the yields by the addition. Although the catalytic reaction of less reactive 4'-chloroacetophenone with phenylboronic acid afforded a low yield of the coupling product (entry 15), the addition of tetrabutylammonium bromide drastically improved the yield (entry 16).
Conclusion
Palladium complexes with chelating bis-NHC ligands having D-glucopyranosyl moieties were synthesized and their structures and dynamic behavior in solution were characterized. These palladium complexes exhibited moderate catalytic ability for Suzuki-Miyaura cross-coupling reactions in water. The complexes remained in retrieved water phases after extraction of the product from reaction mixtures and worked as a catalyst for the reactions.
Experimental
General procedures and materials. All chemicals were purchased from Aldrich, Nacalai Tesque, and Wako Pure Chemical.
1-(2,3,4,6-Tetra-O-acetyl--D-glucopyranosyl) imidazole (AcGlcIm) 9c and [Pd(NCCH3)Cl2] 14 were prepared by previously reported procedures. All reagents and solvents were used without purification. 1 H and 13 C NMR spectra were recorded on a JEOL Lambda 300, Lambda 400, or Bruker AVANCE 300 FT-NMR spectrometer. Chemical shifts are expressed in ppm upfield from SiMe4 and referenced to solvent peaks. Electrospray ionization (ESI) mass spectrometric measurements were performed on an Applied Biosystem Mariner time-of-flight mass spectrometer using HPLC grade solvents. Elemental analyses were performed on a J-Science Lab JM-10 elemental analyser by the Analytical Research Center at Osaka City University.
Synthesis of 1-(2-bromoethyl)-3-(2,3,4,6-tetra-Oacetyl--D-glucopyranosyl)imidazolium bromide ([AcGlcIm(CH2)2Br]Br)
. AcGlcIm (1.00 g, 2.52 mmol), 1,2-dibromoethane (6.0 mL, 70 mmol) and acetone (10 mL) were added into a sealed tube. The mixture was heated at 90°C for 21 h to afford a white solid, which was collected by filtration ( 1.34 g, 90%) . 14 mmol) and acetonitrile (20 mL) were placed into a sealed tube. After the mixture was heated at 110 °C for 72 h, the solvent was removed under reduced pressure to give a brown oil. Addition of diethyl ether afforded a white solid, which was collected by filtration. The solid was re-dissolved in water and an aqueous solution of ammonium hexafluorophosphate (1.76 g, 10.8 mmol) was added to the solution to give a white solid, which was collected by filtration and air-dried (1.93 g, 81%). 1 H NMR (400 MHz, CD3CN):  8.67 (2H, t, 2-Im, JH-H = 1.6 Hz), 7.67 (2H, t, 4, 7.49 (2H, t, 4, 5.74 (2H, d, 5.50 (2H, t, Glc, 5.25 (2H, t, Glc, 5.22 (2H, t, Glc, 4.64 (4H s, m, 4.16 (2H, ddd, 3 . AcGlcIm (0.527 g, 1.34 mmol), 1,3-dibromopropane (2.5 mL, 24 mmol) and acetone (10 mL) were added into a sealed tube. After the mixture was heated at 90°C for 5 h, the solvent was removed under reduced pressure to give a brown oil. Addition of diethyl ether afforded a white solid, which was collected by filtration. The solid was re-dissolved in water and an aqueous solution of ammonium hexafluorophosphate (2.16 g, 13.3 mmol) was added to the solution to give a white solid, which was collected by filtration and air-dried (0.773 g, 88% (10 mL) , tetraethyl-ammonium chloride (344 mg, 2.08 mmol) was added and the mixture was stirred overnight. The resulting solution was washed with water (3 × 5 mL) and the separated organic layer was dried with magnesium sulfate. After magnesium sulfate was removed by filtration, the same procedure was repeated twice. After removal of the solvent under reduced pressure, the obtained solid was recrystallized from an acetone solution by slow addition of hexane to afford 1-C2 as a white solid (128 mg, 48% 
